In view of the problems caused by the inconsistency of the battery cells in the battery pack, considering the advantages and disadvantages of active equalization and passive equalization, a DC/DC active equalization scheme based on coreless planar transformer is proposed. The method of design and optimization of planar transformer is proposed. The DC/DC equalization scheme using phase-shifted fullbridge soft-switching DC/DC converter circuit is designed. The test was carried out with twelve single lithium-ion battery cells connected in series. The research showed that the overall efficiency is over 91% at 2A output current, and the highest efficiency is 93.5%. Compared with the traditional transformer, the power density is increased by 5.25 times and the volumetric specific power is increased by 5.93 times.
Introduction
With the advent of the electric vehicle, new energy vehicle technology is maturing day by day, and related models are gradually being introduced. Lithium-ion power batteries are widely used. How to efficiently and safely manage and use lithium-powered batteries has become the focus of research. Due to the inconsistency of the single-cell capacity, internal resistance and voltage in the battery pack, the performance of the battery pack is directly degraded, and the aging speed of the battery is accelerated, which affects the life and safety of the battery [1] . Therefore, it is necessary to perform energy balance management on the battery to improve the inconsistency of the single battery [2] .
At present, scholars have conducted extensive research on the charge and discharge energy balance of battery packs, and have made certain progress. GA Kobzev et al. [3, 4] proposed a capacitor-balanced topology, which has higher equalization efficiency, but it is only limited to voltage equalization. When the battery voltage difference is large, the equalization time is too long. TH Phung et al. [5, 6] used a DC/DC equalization circuit with inductance as energy transfer medium, which has high equalization efficiency and good scalability, but it is limited to transfer energy between adjacent batteries. When the number of battery sections is large, the equalization control is difficult and takes too long. Cadar D V et al. [7, 8] took the single-secondary coaxial transformer as the core, and used the control switch array to realize energy exchange between the battery pack in the primary side and the secondary battery in the secondary side.
Compared with passive equalization, DC/DC active equalization has good stability. the balanced voltage and current can be flexibly regulated, and the power range is large. However, the traditional transformer as the core component of the isolated DC/DC is limited by its structural characteristics, iron loss and copper loss are large, power density is low, and electromagnetic interference is easy to occur. And due to the limitations of the manufacturing process, it cannot be standardized like other power electronics. In the 1980s, IBM pioneered the planar transformer technology, replacing the traditional winding with a planar spiral coil, replacing the traditional magnetic core with a flat core, which is only onethird the size of a traditional transformer, with a thickness of less than 1 cm and a larger heat dissipation area. It can be printed directly on the printed circuit board (PCB), which greatly improves the consistency of the system while increasing the power density. However, the existing planar transformer only changes the production form of the winding, and still needs the iron core to realize the transmission of the magnetic field energy, and the advantage of efficiency and weight are not obvious compared with the traditional transformer.
In this paper, a coreless PCB planar transformer has been proposed. The winding of transformer is directly printed on the PCB board, and the transformer core is eliminated, thereby completely eliminating the iron loss and copper loss. It has the advantages of small size, high power density, low high-frequency loss, low cost and high consistency [9] [10] [11] . Based on the transformer above, a DC/DC active equalization scheme for lithium-ion battery is designed. The scheme adopts phase-shifted full-bridge zero voltage switching (ZVS) DC/DC converter and voltage outer loop and current inner loop double closed-loop PI controller, and this paper completes the system design and hardware development, and experimentally verifies the efficiency and high power density of the equalization scheme.
Design of the DC/DC equalization scheme

Design requirements
DC/DC equalization utilizes the characteristics of flexible voltage regulation of the DC/DC converter to achieve accurate and rapid transfer of battery energy. In this way, the energy redistribution of each single cell in the battery pack is realized, and the inconsistency of the battery pack is improved.
According to the characteristics of the planar transformer which needs to add the resonant auxiliary circuit, the DC/DC main circuit should choose the bridge DC/DC scheme to achieve the resonance between the leakage inductance and the resonant capacitor of the transformer. In this paper, the DC/DC converter uses the centralized circuit structure. Under this structure, the single cell battery with a lower voltage can be strobed during equalization, and it can be charged by the entire battery pack to realize energy redistribution. At the same time, since the equalization circuit has only one DC/DC converter, it has the advantages of small size and strong stability.
In the active equalization application scenario, The DC/DC converter should use a voltagecontrolled voltage-type switching power supply. In this paper, twelve single lithium-ion battery cells are used to simulate a battery pack in series. The cell voltage is between 2.7V and 3.2V, and the equalization current is 2A. The design requirements for DC/DC converter are shown in Table 1 . 
Table1
Coreless planar transformer
In the DC/DC converter described in the previous section, the transformer is its core component. It has a large impact on the size, weight, efficiency and reliability of DC/DC converter and system. The typical structure of a coreless planar transformer is shown in Figure 1 . The primary side coil and the secondary side coil of the PCB planar transformer are respectively printed on the upper and lower layers of the PCB board, and the coils are coaxial [12] . As shown in Figure 1 , the main structural parameters of the PCB planar transformer include:
w: coil trace width; s: gap width between two adjacent turns; h: thickness of the coil copper layer; t: coil spacing; : inner radius of the coil; : outer radius of the coil;
Paper ID: ICEEE2018-58 N: number of turns of the coil.
Circuit model of the planar transformer
In order to study the electrical characteristics of planar transformer, it is necessary to abstract the electrical model from the structural characteristics of the transformer. In addition to the inductance characteristics of the spiral coil, under the high-frequency AC excitation, the internal resistance R is present inside the coil due to the skin effect and the proximity effect. At the same time, in the planar transformer, the potential in the same direction between the primary and secondary coils of the spiral coil is constantly changing, which forms the distributed capacitance C. The distributed capacitance of the planar transformer consists of the distributed capacitance inside the coil and the distributed capacitance between the primary and secondary coils. When the primary and secondary spiral coils are printed on the upper and lower layers of the PCB, the alternating current in the primary coil is excited to generate a magnetic field, and the secondary coil induces an induced electromotive force to realize energy transfer. The equivalent circuit model [13] is shown in the Figure 2 , where 1 and 2 are the primary and secondary leakage inductances respectively, is the mutual inductance, 1 and 2 are the primary and secondary equivalent distribution capacitances, and 1 and 2 are the primary and secondary parasitic internal resistances respectively.
According to Miller's theorem, the parasitic capacitance across the two port networks can be equivalent to the capacitance inside the respective network. At the same time, the Tshaped equivalent of the leakage inductance and mutual inductance of the planar transformer is obtained, and the T-type equivalent circuit model of the planar transformer is obtained [14] , as shown in Figure 3 . At the same time, since the coreless planar transformer is a loosely coupled transformer, the coupling coefficient is lower than 80%, and its leakage inductance will adversely affect the operation of the converter, which increases the voltage spike and affects the efficiency [15] . In order to improve this problem, this paper introduces LC series compensation circuit to compensate the leakage inductance by capacitive network to eliminate its influence on DC/DC converter.
Optimal design strategy for planar transformer
For the structural characteristics of the planar transformer and the characteristics of the resonant compensation circuit, the optimization criteria can be specified: 1. Under the limitation of the outer diameter size and the given number of turns, increasing the coil trace width can obtain better coupling performance and quality factor. 2. Under the limitation of coil overcurrent requirements and voltage requirements, the coil routing clearance should be minimized. 3. Setting the secondary side coil slightly larger than the primary side coil is beneficial to increase the coupling coefficient under the premise of ensuring power density. 4. The ratio of the inner diameter to the outer diameter of the coil is preferably about 0.4 to improve the quality factor. 5. The thickness of the coil is limited by the PCB plate making process. Considering the cost factor, the thickness of 2oz copper can be selected, that is, the thickness of the trace is 0.07mm. 6. The influence of the number of turns and frequency on the characteristics of the coil is not monotonically increasing or decreasing, and optimization should be performed within a certain range. Based on the above six design criteria, considering the design requirements of the planar transformer, the optimization flow chart is shown in Figure 4 .
Figure 4 Flow chart of the optimization design algorithm
Phase-shifted full-bridge softswitching DC/DC converter
The main circuit part of the bridge-type DC/DC is composed of an inverter, a transformer, and a rectifier [16] . Among them, commonly used bridge inverters can be divided into push-pull, halfbridge, and full-bridge inverters according to the main circuit structure. According to the voltage and output power of the switch tube, this paper selects the full-bridge inverter. However, the fullbridge inverter requires four switching tubes, and its switching loss is relatively large. Therefore, we introduce soft-switching technology to eliminate the influence of switching loss on system performance to the greatest extent, and achieve the optimal combination of efficiency and power density.
After the high-frequency AC input of the inverter, the AC voltage is induced on the secondary side through the transformer. Here, a rectifier circuit is needed to convert the AC input into a DC output to realize the DC/DC function. In this paper, a non-controlled rectifier which has a simple circuit structure and no additional drive circuit and control system, that is, a diode rectifier is selected [17] . The main circuit topology uses a full-bridge rectification topology. Therefore, this paper adopts the design scheme of centralized full-bridge DC/DC equalization circuit. The inverter circuit uses full-bridge inverter, and realizes control by phase-shifted PWM mode. The secondary side output adopts full-bridge rectification. The voltage outer loop and current inner loop double loop controller is introduced to ensure system safety. The specific circuit is shown in Figure 5 .
Figure 5 Phase-shifted full-bridge DC/DC converter
The inverter circuit is composed of switch tubes 1~4 , is the primary side resonance compensation capacitor, is the primary side leakage inductance of the planar transformer, T is the planar transformer, and 1~4 form the output rectifier bridge. The rectified current is output to the load through an filter circuit composed of inductor and capacitor .
Experiments
An active-balanced low-power planar transformer DC/DC experimental prototype for power batteries was built. The PCB control board and the planar transformer experimental prototype are biult as shown in Figure 6 . 
Test of resonance assisted network
After the equalization starts, the transformer starts to work and the energy is transmitted through the DC/DC converter. In this paper, we can observe whether the full resonance occurs by detecting the voltage across the resonant capacitor and the voltage across the transformer. The specific results are shown in Figure 7 . In the figure, the blue waveform is the secondary side output voltage, and the green waveform is the resonant capacitor voltage. It can be seen that the phase difference between the two is close to 90°. Therefore, the resonant capacitor resonates with the leakage inductance. The electric field energy in the capacitor and the magnetic field energy in the inductor are mutually converted, and the sum of energy remains unchanged at all times, and the reactive power of the leakage inductance is compensated.
The system efficiency
In this paper, the system efficiency will be tested, and 0.5A, 0.8A, 1A, 1.5A, 1.8A, and 2A loads will be selected for testing to obtain the working efficiency of the planar transformer and the whole system.
Figure 8 Efficiency test curve
As shown in Figure 8 , the overall efficiency of the planar transformer DC/DC system is above 89%, and the highest efficiency of the system is 93.5%. At a rated load of 2A, the system efficiency is over 90%. Therefore, when the active equalization of the lithium-ion battery is turned on, the loss of energy transmission through the DC/DC converter is controlled within 10%, which improves the transfer efficiency of the power compared with the active equalization of the traditional transformer.
Comparison between planar transformer and traditional transformer
For traditional transformers, EI or EE cores are often used for low-power applications. This section compares planar transformers with traditional ferrite core transformers to analyze the performance advantages of planar transformers in active Equalization. By comparison, the power density of the planar transformer is 5.25 times that of the traditional ferrite core transformer, and the volumetric specific power is 5.93 times that of the traditional transformer. At the same time, planar transformer also has advantages in efficiency due to the absence of core losses.
Conclusion
In summary, the main contributions of this work are as follows: 1) an active balancing scheme of lithium-ion battery based on planar transformer is studied, and this scheme replaces the traditional ferrite core transformer with a coreless PCB planar transformer, the power density is increased by 5.25 times, and the volumetric specific power is increased by 5.93 times. 2) A complete set of solutions for planar transformer design optimization is proposed. At the same time, the equivalent circuit model of planar transformer is established, and the resonance compensation network is introduced to eliminate the reactive power caused by the loose coupling of the planar transformer and the large leakage inductance. 3)
The DC/DC centralized equalization scheme is designed, and the low-power phase-shifted fullbridge ZVS DC/DC converter is selected. The main circuit selects the combination of phaseshifted full-bridge inverter and full-bridge rectifier. The ZVS soft-switching technology is introduced, and the hardware circuit, double closed-loop controller for voltage outer loop and current inner loop are designed. 4) The design and production of the 10W power level prototype of the active equalization scheme was completed. After experimental tests, the active equalization scheme based on the planar transformer can flexibly control the voltage of the battery in the lithium-ion battery pack. And it can transfer the power between any two batteries with fast equalization time, low balanced voltage difference and good balance effect. And the scheme fully improves the transfer efficiency. Under the 2A rated current output, the system equalization efficiency is above 91%, and the highest efficiency is 93.5%.
